ABSTRACT The embryonic development of the optic nerve of the zebrafish, Brachydanio rerio, was studied by three-dimensional computer reconstruction from serial section electron micrographs. Growing fibers from retinal ganglion cells had growth cones in contact with more mature fibers from adjacent cell bodies. In the observed growth pattern, the optic fibers immediately behind the eye were ordered in such a way that the rectangular coordinates of the fiber positions were aw proximately proportional to the polar coordinates of their cell bodypositions. We suggest that this transformation is achieved by a simple following mechanism that translates the time and position of ganglion cell differentiation into a well-defined spatial organization within the optic nerve. In spite of many elegant experiments carried out during the past four decades, we still have little detailed understanding of the mechanisms by which ordered connections are established between large arrays of neurons in the central nervous system of vertebrates. The retinotectal system has received intensive attention since 1943, when Sperry (1) reported the restoration of normal, visually determined behavior after severance and regeneration of the optic nerve of the newt. Subsequent experiments by Sperry and others (2, 3) have demonstrated, by electrophysiological and anatomical methods, that nerve fibers from ganglion cells in the retina regenerate their axons, at least approximately, to their original positions on the tectum. Furthermore, ganglion cells make the same connections if the eye is rotated between the severing of the optic nerve and its regrowth (4, 5). On the basis of these experiments, Sperry has suggested the chemoaffinity hypothesis (6), in which cytochemical labels assumed to exist on ganglion cell axons and on cells in the tectum lead to the "correct" cell-to-cell contact through proper matching of the labels. Many results obtained in studies with the regeneration of the retinotectal system (7, 8) have been interpreted as supporting the chemoaffinity hypothesis. However, efforts to identify high-specificity cellular interactions between the retina and tectum have not been successful. Although suggestive results have been obtained (9), the specificity observed is small and probably can be explained in terms of general changes in cell surface properties related to time of development rather than to positional specificity.
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It has been tacitly assumed in most of the discussions to date that the processes of regeneration and primary embryogenesis are essentially equivalent. However, several recent reports (10) (11) (12) have suggested that the events responsible for orderly regeneration depend more on residues of previously connected nerves than on labels present ab initio. Therefore, in discussing the results obtained in this study, we assume that regeneration and embryogenesis need not be considered as equivalent processes. Because it is only the regeneration experiments that provide strong evidence for the idea that specific labels are responsible for the orderly regrowth of the optic nerve, we have examined other models to explain the regularities of embryogenesis.
Direct observations of developing optic fibers in the small crustacean, Daphni magna (13) (14) (15) , have suggested a model in which groups of optic fibers organize themselves by a process in which sequential differentiation of receptor cells leads to the establishment of spatially organized neuronal arrays. The observations have supported the view that the sequence in which receptor cells undergo differentiation determines the differentiation pattern of the individual neuroblasts that will form the ganglion. This proposal, made on the basis of morphological observations during early embryogenesis in Daphnia, has been supported by experiments in which small groups of retinal cells were damaged by UV microbeam radiation at various stages of embryogenesis and the effect of these lesions on the subsequent differentiation in the optic ganglion were studied (16) .
The experiments reported in this paper constitute a detailed morphological study of those events that take place early in vertebrate optic nerve embryogenesis, as the first few ganglion cell axons are leaving the eye on their way to the optic tectum. Pathways taken by nerves in the developing embryo were determined by serial section electron microscopy. Our observations are consistent with models of the self organization of these optic fibers based on the general principle that sequential differentiation of nerve cells can be translated into a well-defined spatial organization through simple mechanical principles governing Microscopy and Image Combining. Sections were photographed at a magnification of X3556 in a Zeiss EM9S. Individual serial negatives were aligned with respect to one another and photographed on 35-mm film strips by using an imagecombining device as described (17, 18) .
Tracing, Data Processing, and Display of Contours. Contours of cells and their growing axons were traced into computer memory as described (17) . Because of the disparity in the size of cellular structures, cell bodies, and axons, it was necessary to trace structures at different magnifications. Axons were traced at a magnification of X67,000 whereas somata were traced at X15,000. 4374
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Choice of the 52-hr Embryo. The 52-hr embryo was selected because the number of fibers leaving the eye is large enough to reveal the overall organization of the optic nerve and small enough to permit significant sampling of fiber organization. Over 60 individual cells comprising the ventral-anterior sector of the retina were reconstructed. Fibers growing from these cells were traced through the first 60 am of the optic nerve.
RESULTS
Developing Eye. At 52-hr development, the embryonic eye of the Zebrafish has about 1800 fibers exiting through the pigment epithelium (19) . At (20) . The diameter of an individual axon may vary from about 0.5-0.1 Am over its length.
Our study concentrated on the associations among ganglion cells and their neurites (Fig. 1) . Small fascicles composed of five to 12 axons were seen in the developing retina. The axons in such a fascicle arose from adjacent cell bodies which we designated as a cluster of cells. They descended to the vitreal surface, turned, and extended toward the optic nerve head. Ganglion cell bodies belonging to these clusters extended deeply into the embryonic retina, in marked contrast to ganglion cells in the adult retina, where they form a monocellular layer. The fibers of such a bundle remained together and in contact with each other as they merged into the optic nerve. Groups of axons from adjacent clusters were found near one another over long distances (60Mum) as they leave the eye. However, all fibers from a cluster did not seem to differentiate at the same time. In the periphery, the shortest, and hence presumably the youngest, fibers had their growing tips in contact with their longer and older neighbors.
Overall Organization of the Optic Nerve. With present methods, reconstruction of the complete ganglion cell population would require a prohibitively long time. Therefore, we limited our observations to the complete reconstruction of selected cells and their fibers. The overall structure of the nerve also was determined from nonserial but sequential low-power montages assembled from electron micrographs of the complete retinal surface and nerve. On the surface of the retina, optic axons were organized radially. The small axon bundles at the periphery assembled into larger and larger fasicles as they proceeded inward toward a central hub. Just behind the optic nerve head, where large fasicles were assembling into a single nerve, the radial organization was modified. The two fascicles on opposite sides of the choroid fissure separated and formed the distal tips of the crescent-like cross section of the nerve. The fibers from the most peripheral cells were found on the ventral surface of this crescent (Fig. 2) .
Thus, the overall result is that a transformation took place as the fibers left the eye, that mapped the radial position of ganglion cell bodies to the dorsal-ventral axis of the nerve and the angular position of the ganglion cells to the anterior-posterior axis of the nerve. Morphology of the Growth Cones. Morphological studies suggested that the organization of the optic nerve arises in part from the fiber-following capacity of the growing tips of axons. The 24 growth cones that were reconstructed varied in appearance. Some were simple, with few microspikes, whereas others were larger and more complex, displaying both microspikes and sheet-like filopodia. These filopodia extended from the growing end of the fiber and lay along neighboring fibers.
Some of the growth cones were along the vitreal surface of the retina whereas others were found in the bundles leaving the eye around the choroid lumen. All of them had large areas of contact with fibers that had grown earlier from adjacent cell bodies. When fibers with visible growth cones at their growing tips were traced back, their cell bodies were found on the periphery of the differentiated ganglion-cell region. Older cells that lay closer to the nerve head had fibers that proceeded further towards the brain and out of the region examined. The growth cones found among the fibers leaving the eye were usually at the interface between the layer of glial cells surrounding the choroid lumen and the axons that had grown from the same sector of retina (Fig. 2 a and b) . DISCUSSION The order observed in the optic nerve as it leaves the eye at this embryonic stage can be summarized as follows.
(i) The growth cones of retinal ganglion fibers are in contact with the axons of cell bodies adjacent in the retina. Thus, clusters of ganglion cell bodies send out axons which remain together at least to the extent that the growth cone of one will grow along the more mature axons of neighbors.
(ii) The fibers from the individual clusters form small fascicles that follow a path along the surface of the retina towards the head of the optic nerve. Along the way, the small fascicles merge until they form large bundles as they leave the retinal surface towards the back of the eye. A large bundle arises from ganglion cells in a pie-shaped sector of the retina.
(Mi) As they leave the retinal surface, the fibers surround the choroid lumen in such a way that those with a growing tip, whose cell bodies are closest to the periphery of the eye, have at least a part of their growth cones between the glial cells forming the lumen and the large mass of older optic axons from the same sector of the retina.
(iv) Cells on opposite sides of the choroid fissure do not merge into the same bundles and no fibers leave the eye ventral to the choroid lumen where the fissure continues out of the back of the eye.
(v) As demonstrated in experiments using radioactive thymidine to determine the age of cells (21), ganglion cells undergo their terminal mitotic division and differentiate in a radial sequence so that the most recently differentiated ganglion cells lie in an annulus at the periphery of those that have already differentiated.
These observations suggest a simple set of guidance rules that can account for the arrangement of fibers in the nerve as it leaves the eye. ahsco rjc to theineresurfae te ofatched fascicl (rerow).ntb Fourther alongsth anere the lrs-arghed fascicle mergeinto cryunesetandreae dhisconstinuou saepaherationt (bokesn arows nat the vent ()ralinsurae corresponding toplthepsito of thee)n ch(owroi)isr.Theaxvrsonsof themetrosthreiatte peripheralclsaryeno of the nerve is the result of axons growing over their older neighbors on the retinal surface, and the discontinuity at the choroid fissure is due to axons being separated from their neighbors at the fissure. Bar equals 5 Asm. choroid fissure provides a barrier to the interactions proposed in these rules. Thus, we assume that neither the interaction that causes signaling for differentiation nor the one that causes neighborfollowing can be transmitted across the fissure. In this way the asymmetry in the development of cells in the various sectors (Fig. 2a) can be accounted for by assuming that the first cells to differentiate are posterior to the nerve head. The-separation that leads to the formation of a crescent pattern by the fibers leaving the eye is a further consequence of the barrier provided by the fissure. This opening in the pattern, which would otherwise be an annulus, is particularly important because it leads to the inversion of the overall topography further back towards the brain, where the youngest fibers occupy a position on one side of the nerve and the oldest and most central are on the opposite side. Cells from the center of the visual field have fibers that are on one edge of the nerve. Thus, the polar coordinates of the cell body positions map to the rectangular coordinates in the optic nerve. Scholes (22) has noted a similar inversion of the visual map of a cichlid fish. He also has reported a second transformation, as the nerves approach the tectum, that repositions the central fibers to the center of the tectal surface. It is important to note that the model proposed here does not imply that retinotopic order or any other order simply related to it, will necessarily be found in the adult optic nerve (23) . The order we are suggesting must, in this model, be found among the growing ends of the fibers, but whether it survives into the adult animal will depend on other forces acting on these nerves both during differentiation and during the later growth of the animal.
Finally we can summarize the rules that we propose as being sufficient to account for the developing pattern by emphasizing the idea first proposed by Harrison (24) in 1935: The growing tips of ganglion-cell fibers follow pathways that are determined by the structure of the substrate along which they are growing. This implies no specificity of position labeling for individual ganglion cells other than their time and place at which they start differentiating to grow an axon. No chemical labeling of the cell surface need be invoked.
